Chemical characterization and source and bioaccessibility investigations were performed on airborne ultrafine particles (UFPs) collected from a trafficked road (Elgeseter) and a city background site (Torget) within the city of Trondheim, Norway from January 2014 to May 2015. Particles were collected using cascade impactors, and HNO 3 soluble element concentrations were determined using high-resolution inductively-coupled plasma mass spectrometry (HR-ICP-MS). Element bioaccessibility was assessed by extraction in simulated lung fluids, and possible sources were investigated using enrichment factor (EF) and principal component analysis (PCA). UFP concentrations in air were somewhat higher at the roadside than at the city background site. Levels of total UFP and elemental components were variable, but overall low at both sites during the collection period. Concentrations of the typical crustal associated elements Al, Th, and Sc were highest in spring and summer at Elgeseter, indicating considerable contribution from re-suspension of road dust with mixed origin to atmospheric levels. W, known to be associated with studded tire wear, was highest in spring. Source identification analysis using enrichment factors and PCA indicated direct vehicular emissions, and resuspension of road dust largely consisting of crustal-derived materials, as the two predominant sources of UFPs. Elements clearly associated with vehicular traffic emissions included Sb, Zn, Pb, As, and Cu. Several elements seemed to originate from both vehicle emissions and crustal material. To our knowledge no previous studies have investigated the bioaccessibility of metals in UFPs using extraction in simulated lung fluids. Our study indicated that solubility and thereby bioaccessibility is considerable for several potentially toxic elements found in UFPs, which may reach the inner lungs after inhalation. Solubility was overall highest for the elements Rb, Ni, As, Sn, Tl, and Cs. Extraction in the more acidic artificial lysosomal fluid (ALF) resulted in considerably higher element solubility compared to the neutral Gamble's solution.
Introduction
Exposure to airborne particulate matter (APM) constitutes a major health risk, especially in urban areas, and is primarily associated with respiratory and cardiovascular mortality and diseases [1] . Particles' physicochemical behavior in the atmosphere, site and manner of deposition, and toxicity are strongly dependent on size. Ultrafine particles (UFPs), usually defined as particles with aerodynamic diameter <0.1 µm (PM 0.1 ) [2] , may inhere considerable health risks due to their high numbers and large surface areas.
UFPs are formed to a large degree by motor vehicles and other combustion processes, giving rise to primary particles, and also by conversion of gases in the atmosphere forming secondary particles. Due to their tendency to undergo coagulation and condensation forming larger particles, UFPs are typically unstable with short half-lives [3] . Hence, UFPs are mainly associated with heavily trafficked roads, with concentrations decreasing rapidly with increasing distance from the roads [4, 5] .
Possible health effects of elemental constituents of PM 0.1 should be more thoroughly investigated. Several studies have linked the ultrafine particulate Environmental Chemistry and Ecotoxicology 1 (2019) [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] fraction to respiratory and cardiovascular disease and mortality [6] [7] [8] [9] . The precise mechanisms of toxicity for ultrafine APM are largely unknown. UFPs have been shown to cause airway inflammation, probably by induction of reactive oxygen species (ROS) [10] . In addition, UFPs may effectively cross over to the circulatory system and translocate to and exert toxic effects in other tissues and organs, such as the brain [11] or liver [12] . The small UFPs may also enter cells directly by crossing cellular membranes [13] . Elemental components of APM, and especially transition metals, have in several studies been found to be associated with mortality [14, 15] and cardiovascular [16] and respiratory incidents and disease [17] . More studies are needed to elucidate the role of elements and other particle components and properties in PM 0.1 toxicity.
Elemental components are considered important contributors to APM toxicity, mainly due to their ability to produce ROS [18, 19] . Transition metals such as Fe, V, and Cr may generate ROS through redox reactions, whereas redox inactive elements can induce ROS indirectly by disturbing metal homeostasis, i.e. by depletion of antioxidants such as glutathione [20] .
Element solubility may provide useful estimates of bioaccessibility, the fraction that is accessible for uptake in cells and thereby exertion of toxicity [18, 21] . Extraction in simulated lung fluids (SLFs) constitutes physiologically relevant, yet simple and inexpensive methods of assessing the bioaccessibility of APM. SLFs have been used in a few studies to assess the bioaccessibility of metallic components in urban air. For example, solubility in SLFs of platinum group elements has been investigated in road dust and milled vehicle exhaust catalysts [22] and in different size fractions of urban APM [23] . Some studies have used SLFs to assess bioaccessibility of a wider range of metals in different cities [24] [25] [26] [27] . However, to our knowledge no studies have investigated the bioaccessibility of metals in the ultrafine size fraction of APM using extraction in SLFs.
In this study, a range of elements within the ultrafine fraction collected over a continuous period of 16 months from a roadside and an urban background site in the city of Trondheim, Norway were investigated. Potential bioaccessibility of the elemental components was assessed using the SLFs Gamble's solution and artificial lysosomal fluid (ALF), and possible sources were investigated using enrichment factors (EFs) and principal component analysis (PCA).
Methods

Test sites, and collection and preparation of UFP samples
UFP samples were collected from two municipal measurement stations within the city of Trondheim: Elgeseter station is located alongside the heavily trafficked Elgeseter main road, with annual average daily traffic (AADT) of 22,000, whereas Torget is a city background station dominated by bus traffic and domestic wood stove heating emissions, located on the roof of Torget shopping mall in the city center, 15 m above street level. Most road segments in the immediate vicinity of Torget station have AADT numbers <7000.
Samples were collected at Elgeseter and Torget stations from January 2014 to May 2015, during 32 separate time periods, yielding a total of 64 UFP samples. Sampling times varied from 144 to 216 h. Due to the long sampling times, weather conditions during most samplings were quite variable, typically including both periods with clear conditions and precipitation, and varying temperatures. The sampling was conducted using cascade impactors (Moudi model 100-S4 Special from MSP/Copley Scientific), with accompanying pressure gauges and flowmeters (model DFM2000, Copley Scientific) or membrane pumps with flow rate 30 ± 1 L/min. TSP inlets with 1 m long tubes (Digitel) were used. Zefluor PTFE filters with pore size 2.0 µm and diameter 47 mm (VWR) were used.
The filters were weighed, stored and placed into the impactors in an ISO 6 cleanroom, and handled with plastic tweezers. All equipment used in the treatment of the filters was cleaned with ultrapure nitric acid (HNO 3 , 0.1 M). The impactor nozzle plate was soaked in methanol overnight after each collection. Field blank samples consisted of filters that were conditioned, weighed, stored, transported to the test site, and assembled in the sampling equipment in the same manner as the sample filters, apart from applying flow and thereby APM collection. The certified standard reference materials (SRMs) used were Urban Particulate Matter 1648a (NIST), Urban Aerosols No. 28 (NIES), and INCT-PVTL-6 Polish Virginia Tobacco Leaves (ICHTJ).
Particle mass on the filters was weighed based on the method described in European Standard EN 12341:2014 [28] . The filters were conditioned in desiccators placed in plastic petri dishes with the lids ajar and weighed before and after particle loading. Conditioning time was 48 h before the first, and 24 h before the second weighing. If the parallel masses differed by >0.5 mg, another weighing was performed after 24 h. Samples were weighed with a 5-decimal microbalance (Sartorius). Accuracy and drift of the balance were checked with a 200-mg reference mass and a blank reference filter. The unloaded and loaded filters were stored in the cleanroom until assembly in the impactors and GMB extraction, respectively. Further details regarding the test sites and the collection and preparation of UFP samples are given in an online supplementary file, and in an upcoming article, where a small subset of the samples analyzed in this work was used.
Preparation of simulated lung fluids and extraction procedure
Element bioaccessibility was investigated using two different simulated lung fluids (SLFs): Gamble's solution and artificial lysosomal fluid (ALF). Gamble's solution contains inorganic salts and organic acids and simulates the interstitial lung fluid found within the deep lung, whereas the composition of ALF represents the acidic intracellular conditions in lung cells caused by phagocytosis under stressed conditions [29] [30] [31] . The SLFs were prepared according to the procedure used by Herting et al. [29] . Chemicals used were of analytical grade, and ultrapure water was used throughout (Purelab Option-Q7, Elga, UK). All equipment used in SLF preparation and extraction was cleaned with HNO 3 (0.1 M) and rinsed with ultrapure water. SLFs were prepared in Teflon bottles and the samples extracted in a laminar air flow (LAF) bench. The pH was adjusted to 7.4 using NaOH (50%) and HCl (25%). Loaded filters were cut in two with steel scissors or a scalpel, resulting in filter pieces containing on average 0.5 mg dust, and placed in polyethylene vessels (15 mL). SLF (5 mL) was added, and the vessels were placed in an incubator and subjected to bilinear shaking (125 cycles/min, 37°C, 24 h). pH was determined in selected samples after extraction to check pH stability. After extraction the filters were removed and placed in new sets of polyethylene vessels, whereas the solutions were centrifuged (10 min., 710 relative centrifugal force (rcf)) prior to ICP-MS analysis. Blank and SRM samples were extracted following the same procedure as the dust filters.
Determination of elements using ICP-MS
The supernatant was decanted into new sets of polyethylene vessels, acidified with concentrated HNO 3 and diluted with ultrapure water to a final HNO 3 concentration of 0.6 M prior to ICP-MS analysis. Precipitate samples were transferred to Teflon UltraClave vessels (18 mL) with ultrapure HNO 3 (50% v/v, two times 1 mL), and dissolved together with the filters using an UltraClave microwave-assisted autoclave (Milestone) with a gradual rise to 245°C and 160 bar. Subsequently, the samples were diluted to 0.6 M HNO 3 and transferred to new polyethylene tubes and stored at room temperature until ICP-MS analysis.
Element concentrations were determined using high-resolution inductively-coupled plasma mass spectrometry (HR-ICP-MS, Element 2, Thermo Finnigan) using an SC-FAST flow injection system for SC-4 (ESI). Three different resolutions were applied to avoid interferences: low (400), medium (5000) and high (10000). Detection limits were set to three times the standard deviations of element concentrations in blank samples.
Statistical analysis
Element concentration differences between test sites were investigated using the nonparametric Mann-Whitney U test. Seasonal differences were analyzed using the Kruskal-Wallis H test with Dunn post hoc testing. Element concentrations below the limit of detection (LOD) were imputed according to Flynn (2010) [32] , by constrained maximization of the Shapiro-Wilk W statistic assuming lognormal distribution.
Enrichment factors (EFs) were used as initial indicators of the degree of anthropogenic contribution to the element levels determined in the PM 0.1 samples [33] , and were calculated according to the following formula:
where X is the element under consideration. Al was used as reference element, and the average crustal concentrations ([X] crust ) were taken from Mason and Moore [34] . PCA with Varimax rotation and Kaiser normalization was used to examine correlations between HNO 3 soluble elemental levels relative to dust concentrations. Element concentration data was centered and scaled. Kaiser-Meyer-Olkin Measure of Sampling Adequacy (KMO), Bartlett's Test of Sphericity (Bartlett's test), and split-sample validation were used to assess validity of the PCA model. Variables for which Pearson correlation coefficients for replicate samples (filter halves that underwent the same treatment) after SLF extraction were below 0.7 were excluded from EF, PCA and bioaccessibility analysis. Statistical treatment was conducted with SPSS 22.0 (IBM) and R 3.2.0 (CRAN).
Results and discussion
Levels of airborne ultrafine particles (UFP)
Concentrations of UFP and element components of UFP are presented in Table 1 . Total UFP levels were variable but overall low, and somewhat higher at Elgeseter than at Torget; medians 1.4 µg/m 3 and 0.97 µg/m 3 , p = 0.048. Levels ranged from less than detectable to 8.1 and 5.3 µg/m 3 at Elgeseter and Torget, respectively. Median PM 0.1 levels were lower than the means, showing that the distributions of the data were right-skewed.
Urban UFP air concentrations vary considerably between different sites. Pakkanen et al. [35] found a lower mean PM 0.1 concentration (0.49 µg/m 3 ) in Helsinki, Finland than in the present study. Mean PM 0.1 mass concentrations found in this study were comparable to those reported by Gugamsetty et al. [36] of 1.42 ± 0.56 µg/m 3 for a trafficked area in New Taipei City, Taiwan, whereas Lin et al. [37] obtained mean PM 0.1 concentrations as high as 54 µg/m 3 near a heavily trafficked road in Southern Taiwan. No regulatory limit values exist for the ultrafine APM fraction. In Erfurt, Germany, Airborne UFPs were found to be associated with increased respiratory and cardiovascular mortality, independently of fine particles (PM 2.5 ), at a mean mass concentration of 0.64 µg/m 3 [9] , which is lower than in the present study. Previous studies have found associations between PM 0.1 particle number and respiratory symptoms in adult asthmatics [7] , cardiac stress in patients with coronary heart disease [6] , and mortality [8] , at particle number concentrations comparable to those determined in the Erfurt study referred to above [9] . Number concentrations found in these studies cannot be compared to the mass concentrations found in our study, but taken together these results may indicate that the PM 0.1 levels in Trondheim could contribute to adverse health effects.
Analytical considerations
Low PM 0.1 levels complicated our ICP-MS analyses; for some of the elements, considerable proportions of samples were below the LODs. Low UFP masses on the filters (on average the filter pieces contained only about 0.5 mg dust) imply considerable uncertainties in the weighing and thereby the calculated PM 0.1 and element atmospheric mass concentrations. Accuracy and reproducibility were investigated using standard reference materials (SRM) and replicate sample analysis; methodology and results for the quality control are described in detail in an upcoming article and in the online supplementary material. Recoveries obtained for the SRM samples were overall relatively constant. Eight out of 10 elements had recoveries between 80 and 120% for Urban Aerosols UA No. 28 (NIES), and for 9 out of the 10 elements the 95% confidence intervals for the certified concentrations and our analytical results overlap. For Soil GBW 07408, 13 Table 1 Total mass of ultrafine particulate matter (PM 0.1 ) and element concentrations (in pg/m 3 , unless otherwise stated) in road traffic (Elgeseter) and city background (Torget) samples (N = 32 from both sampling stations), collected between January 2014 and May 2015. out of 19 elements had recoveries between 80 and 100%, but recoveries were low for some of the elements. This is most probably because our HNO 3 /Ultraclave digestion procedure does not completely dissolve all siliceous minerals. Thus, for some of the elements, the concentrations found are most likely somewhat underestimated compared to total element contents.
Contamination on the collection filters by larger particles could potentially affect the concentrations. We investigated some of the filters qualitatively by scanning electron microscopy (SEM); example SEM images of the sampled UFP fraction are shown in an online Supplementary material. Very few larger particles were seen, but these could nevertheless cause significant overestimation of PM 0.1 and element mass concentrations.
UFP elemental contents
Element concentrations in the ultrafine fraction were variable, but generally low for most elements (Table 1) ; Pt, Tl, Cs, Th, Sc, Co, W, Ce, Rb, As, V, Ni, Sb, and Cr, ordered from lowest to highest, all occurred at pg/m 3 levels. The major crustal elements Fe and Al exhibited the highest air concentrations. Traffic-related elements such as Cu, Sn, Pb, Cr, Sb, Ni, V, and As occurred at lower concentrations. Concentrations of most elements were generally somewhat higher at Elgeseter station, except for Cd and Cs which were slightly higher at Torget, although most of these differences were not statistically significant. Differences were largest for Cu, Sb, and Cr, which had median levels between 1.6 and 1.8 times higher for Elgeseter compared to Torget samples, and these five differences were all statistically significant at the 0.01 level. Element air concentrations in this study were generally comparable to those found by Pakkanen et al. [35] , while Gugamsetty et al. [36] reported overall somewhat lower element concentrations. Lin et al. [37] , on the other hand, reported overall considerably higher element air concentrations.
Seasonal differences
Total UFP concentrations in air were overall highest in winter (November-February), at both Torget and Elgeseter stations, but significant differences were only found for Torget (Table 2) . Indeed, particulate matter levels are expected to be higher in winter, due to increased motor vehicle traffic, domestic wood burning and occurrence of atmospheric inversions [38] . In the studied area, airborne particulate matter concentrations might also be expected to increase during periods in spring (March-April) due to re-suspension of sand and road salt applied to the roads in winter. In October particulate matter levels may increase when vehicles change to studded tires before snow has fallen. One reason why the observed seasonal variations were not as pronounced as might have been expected, is probably the exceptionally mild winters with more precipitation than normal that occurred in Trondheim during the sampling period. Such mild winters would result in less emissions and re-suspension from motor vehicles and domestic stove heating, Loadings larger than 0.4 are shown in bold, and communalities lower than 0.5 in italic.
and faster deposition and less re-suspension of dust. In addition, more efficient dust reduction measures were instigated during this period, involving frequent mechanical street sweeping and dust collection, and application of MgCl 2 salt to maintain wet roads. Seasonal patterns in levels of airborne elemental components were not consistent, but concentrations of elements likely to be associated with geogenic material (Al, Sc, and Th) were higher in spring and summer at Elgeseter roadside station ( Table 2 ). Concentrations of some elements, namely Al, Sc, Th, and W, were elevated during spring, and Sc, Th, and V during summer sampling periods at Elgeseter (p < 0.05). As concentrations were highest in winter Elgeseter samples, also statistically significant. In Torget samples, As and Pb concentrations were significantly higher during fall. Levels of W were clearly highest during spring at both sites(p < 0.05). Patterns of seasonal differences for the remaining elements were not consistent during the sampling period.
Source analysis (EFs and PCA)
Enrichment factor (EF) analysis is commonly used as indicator of anthropogenic contribution to elemental contents in different matrices. Elements with EF values close to unity are assumed to be of predominantly crustal origin, whereas values above 10 imply considerable contribution from anthropogenic sources [39] . In this study, EFs for the UFP samples were calculated using Al as the reference element for crustal material. For most of the determined elements, EFs were clearly highest in winter; for instance, mean EFs for As for Elgeseter samples were 620 in winter, compared to 170 in fall, 67 in summer, and 50 in spring (Table 3) .
Our EF analysis indicates with a high degree of certainty that Sb, Sn, As, Zn, Pb, and Cu, and most probably W and Tl, originate almost exclusively from anthropogenic sources. Most of these elements are typically associated with traffic pollution [40] , emission from motor vehicles being the most likely source. The remaining reported elements seem to have soil dust as a major source, although Sr and typical traffic-related elements such as Ni and Cr had mean EFs close to 10 for Elgeseter samples, thus probably having traffic emissions as a major source. Sb clearly showed the overall highest mean EFs: Mean EFs for Sb in the winter samples were 7200 at Elgeseter and 3900 at Torget. High EF values for Sb is consistent with a study recently conducted on road dust in Trondheim, Norway [41] . EFs for most elements studied were highly variable, as shown by the high standard deviations. We cannot explain the high EFs for Sn found in fall samples. EF values found in this study are comparable to those obtained by Gugamsetty et al. [36] . EFs were generally higher at the trafficked Elgeseter station compared to Torget, which is located high above the ground. However, interpreting EF values in terms of anthropogenic contribution must be done with caution; elevated EFs may be caused by local variations in soil and bedrock composition or unknown physicochemical soil or atmospheric processes [42, 43] .
Possible element sources were further investigated by applying PCA to element mass concentrations relative to UFP air concentrations, with Varimax rotation to maximize element variable loadings onto individual PCs. Two principal components (PCs) were retained for the PCA model, explaining a total of 61% of the total variance in the data. Bartlett's test was statistically significant at the 0.05 level. Element variable loading values and percentage explained by the model for the two PCs, and the communalities, i.e. the proportion of the variance of the element variables explained by the model, are presented in Table 4 . The resulting biplot, which shows the PCA variable loadings and the sample scores, is shown in Fig. 1 .
The first PC showed high loadings mostly for elements of largely crustal origin (Co, Sc, Th, Al, Fe, Mn, V, and Ce). EF values were low for most of these elements, indicating resuspension of crustal derived road dust as the most likely source. However, Sb, W, Cr, and Ni had higher mean EFs and are known to be associated with vehicle emissions. Ni and Sb are commonly linked to motor vehicle traffic, specifically brake pad wear [44, 45] , but were also associated with the presumed crustal derived elements in this study. W is emitted from studded tire wear during the winter season [46] . In the sampled winter season, roughly 30% of the cars in Trondheim used studded tires. Although overall low, W levels were indeed elevated in spring at both sampling sites, indicating contribution to W levels within the UFP fraction from vehicles using studded tires when the roads have dried.
PC2 was associated with several elements typically derived from motor vehicle emissions such as Zn, As, Sb, Rb, Pb, and Cu [40] . However, Sr and Ce which also load onto PC2 are primarily associated with crustal materials. Some elements, particularly Cs, Tl, and Sn, occurred at low concentrations within UFPs and had low PCA communalities, making source identification uncertain. Ce, Cr, and Sb showed high to intermediate loadings onto both PC1 and PC2, which indicates both vehicle traffic and crustal origins for these elements. Vehicular derived emissions indeed may deposit to the ground and mix with soil particles of crustal origin, and this road dust can eventually be re-suspended into the air, complicating urban air quality and source identification studies. According to previous studies of road dust, Fe is often associated with brake pad wear [47] , in addition to Cu, Sb [48] , Zn and Ni [45] . Zn [49] , Cu, Sb, and Fe [44, 50] are associated also with tire wear, and Zn also with exhaust emissions [40] . However, these studies did not investigate element contents within the UFP fraction specifically. The study conducted by Gugamsetty et al. [36] indicated that the percentage contribution and relative mass of elements from vehicular emissions within PM 0.1 were comparable to those within the fine size fraction, whereas soil dust contributed less for PM 0.1 , as expected. Lin et al. [37] found that commonly trafficderived metals such as Zn, Sb, and Pb typically exhibit bimodal air concentration distributions, with peaks both within the ultrafine/ nano and the fine or coarse ranges.
Wood stove heating contributes significantly to urban particulate matter levels, especially in cold winter periods. However, the composition of wood stove emissions are highly variable [51] , and without knowledge on the elemental composition of the local source it was not possible to estimate the relative contribution of wood stoves to UFP levels or to identify elements associated with this source.
With the exception of most winter samples and some fall samples, most samples grouped together on the PCA biplot ( Fig. 1) , showing that the differences between the sampling sites and seasons were small for the majority of the samples. Source apportionment using PCA provides only indications of possible sources; further studies would be needed on elemental composition of the individual possible sources to conclude. Low amounts of UFPs and associated elements, high degree of correlation between the elements in question, and individual elevated values are factors that further complicate source apportionment of elemental components using PCA.
Bioaccessibility of UFP elemental constituents
Extraction of particulate matter samples in simulated lung fluids constitutes a simple and cost-effective procedure for assessing element solubility for inhaled particles [29, 52] . Element solubility in Gamble's solution reflects bioaccessibility for inhaled particles that access the interstitial lung fluid within the alveoli.
Solubility of UFP elemental components after extraction in SLFs (Gamble's solution and ALF) are shown in Table 5 , and in Fig. 2a (Elgeseter) and 2b (Torget). For the elements for which solubility in Gamble's solution could be assessed, mean solubility was highest for Rb, Ni, As, Sn, Tl, and Cs (in order of decreasing solubility). Following Gamble's solution extraction, the least soluble elements were Fe and Al in Elgeseter, and Cr in Torget samples. After extraction in ALF, Al had the lowest solubilities. These results are comparable to those found by Wiseman and Zereini [24] for As, Sb, and V in airborne PM 1 collected in a trafficked area in Frankfurt, Germany, although they reported somewhat higher overall solubility of these elements. Da Silva et al. [25] found high average solubility in Gamble's solution for Co, Fe, Mn, and V for the PM 10 fraction from an urban area (Rio de Janeiro City, Brazil). Huang et al. [26] , on the other hand, found higher solubility for Cu and Zn than for As in urban PM 2.5 collected in Singapore, whereas Coufalík et al. [27] obtained much higher solubility for V compared to Cu, Ni, and Cr in urban PM 1 fraction samples collected in Brno, Czech Republic, both studies using Gamble's solution. However, none of these studies investigated element solubility within the UFP fraction. Solubility was overall higher in Torget compared to Elgeseter station. As expected, for most of the studied elements overall element solubilities were considerably higher after extraction in the acidic ALF, which represents conditions in lung cells following phagocytosis of particles caused by stress reactions, than in the neutral Gamble's solution. This is in accordance with findings by Wiseman and Zereini [24] .
Mean solubility varied considerably between the different elemental UFP components. The variation was also high for individual elements; for instance, Cs solubility after Gamble's solution extraction ranged from 21% to 86% in Elgeseter and from 15% to 90% in Torget samples. Extensive variability in solubility has also been observed in other studies on the bioaccessibility of APM elemental components [24, 25] . In the present work the low dust amounts on the filters and the relatively low solubility after Gamble's solution extraction for most elements studied resulted in low element concentrations in the extract samples, and thereby considerable proportions of values below the LODs. Since the HNO 3 soluble and not the total element fraction was analyzed, solubilities reported in this study are most likely overestimated. Another challenge in the use of SLFs is their instability; new solutions must be made before each experiment, and pH must be checked after extraction to control for degradation [29] . In this study, pH mostly remained stable within ±0.1 pH units, indicating that degradation of the solution has not significantly affected the results. It is also important to keep in mind that element solubility in SLFs does not necessarily correspond to the actual bioavailability in individuals, which may vary considerably depending on external factors such as wind, precipitation, and distance from the road, and individual variability and contingencies with respect to inhalation, deposition, clearance, and toxicity. However, simple tests such as solubility in SLFs offer more reproducible results that can be useful in monitoring and toxicity assessment studies.
Since relatively little research has been conducted on airborne total and bioaccessible UFP concentrations and associated adverse health effects, and ambient levels typically found in urban areas seem to be associated with adverse respiratory and cardiovascular outcomes, the ultrafine fraction should receive more attention in future studies.
Conclusions
Total concentrations of airborne ultrafine particles (UFPs) were overall higher at the roadside Elgeseter compared to the Torget background sampling station in the city of Trondheim, Norway. UFP levels were elevated in winter (November-February) at Torget. Overall, airborne UFP and concentrations of associated elements were variable, but low at both sites. UFP concentrations of Al, Sc, and Th were elevated in spring and summer at Elgeseter, indicating re-suspension by vehicles of road dust containing both road traffic dust and natural soils. W levels were considerably higher in spring, most probably originating from asphalt wear by studded tires.
Source identification investigation with principal component analysis (PCA) indicated that the two predominant sources of elements in UFPs were material originating from the Earth's crust, and road traffic emissions. Elements most clearly associated with vehicular traffic were: Zn, Rb, Sb, Pb, As, and Cu. Several elements, including Sb, Cr, and Ce, seemed to originate both from road traffic and natural soils. Enrichment factor analysis confirmed that the following elements associated with UFPs most probably originated predominantly from anthropogenic sources, listed in order of decreasing EF: Sb > Sn > As > Zn > Pb > Cu. W and Tl also were probably mainly of anthropogenic origin. This is the first study investigating bioaccessibility of elements in the ultrafine particulate fraction. Bioaccessibility investigation using simulated lung fluids showed relatively high solubilities in Gamble's solution for the following UFP-associated elements: Rb, Ni, As, Sn, Tl, and Cs, whereas Fe, Al, and Cr had the overall lowest solubilities. For most of the studied elements, solubility was generally somewhat higher in Torget compared to Elgeseter samples. Element solubility was for the most part considerably higher after extraction in the more acidic artificial lysosomal fluid (ALF) compared to the neutral Gamble's solution.
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